Thin-film silicon solar cells contain textured interfaces in order to optimize light incoupling and light trapping. Laser-based texturing processes can offer a high degree of freedom concerning the adaptability of textures, therefore allowing controllable light management. In this article, four commonly known laser-based processes are adapted to texturing aluminium-doped zinc-oxide for the use as a front contact in thin-film silicon solar cells. They are compared considering the achievable textures as well as the industrial applicability of the process concerning scalability, throughput and simplicity. The patterning by the formation of laser induced periodical surface structures (LIPSS) proved to be a very simple way of achieving feature sizes on the right order of magnitude, whereas interference patterning offers a large variety of textures.
Introduction
Thin-film silicon (TFS) solar cells need textured interfaces. The textured interfaces help to reduce the reflection of incoming light by improving light incoupling. Furthermore, light absorption in the solar cell is enhanced by light scattering and light trapping. Feature sizes below the order of the wavelength of the incoming light improve light incoupling capacities, whereas larger features on the order of the wavelength improve light trapping [1] [2] [3] [4] (Fig. 1 ).
The textured interfaces in the solar cell are usually introduced by texturing the front contact, a transparent and conductive oxide (TCO), here made of aluminum-doped zinc oxide (ZnO:Al). Upon the textured ZnO:Al layer, all other layers are deposited in an almost conformal growth during the manufacturing process. Commonly, texturing of ZnO is done by wet chemical etching [2] or by an intrinsically textured growth of boron doped ZnO via low-pressure chemical-vapor-deposition (LPCVD) [5] . Whereas these processes are of industrial relevance and can be scaled to large areas, they only supply limited degree of freedom concerning the adaptability of the feature geometries and thus, the scattering properties of the texture.
Apart from these commonly used techniques, there are many ways ZnO:Al can be textured in a laboratory environment in order to achieve a higher degree of freedom concerning the adaptability of the feature geometries. These processes range from texturing ZnO:Al by electrochemical etching [6] or photolithography [7] to texturing the glass substrate by nanoimprint lithography [8] , [9] , reactive ion etching [10] or ion beam etching [11] . However, all of these processes require a fairly complex experimental setup. The aim of this study is different because it focusses on the industrial feasibility in a cost effective environment.
Laser-processes for direct texturing of sputtered ZnO:Al are a promising alternative to these existing methods. Textures produced by lasers generally reveal a high degree of freedom concerning shape and size of the features. Combined with the repeatable outcome of laser processes, this flexibility offers engineerable light management within the cell. Furthermore, most laser processes produce periodic textures, which are very well suited to further improve the light management [12] [13] [14] . Finally, most laser-processes are compliant with vacuum technology, allowing a faster and more energy efficient production without the need of vacuum breaks.
So far there have only been two studies focusing on direct laser patterning of ZnO:Al. Sämann et al [15] used a line source to cross-pattern sputtered films of ZnO:Al in a direct writing process. The periodicities of the textures obtained are on the order of 10 um and are suited for light trapping of infrared light, but are too large to trap shorter wavelengths, or to be used for light incoupling. Recently Eckhardt et al show promising results on laser-interference patterning of ZnO:Al. Line-like and hexagonal shaped patterns with a fixed periodicity of 1 µm were created. [16] . Other, commonly known laser-based texturing processes have not been investigated for their applicability to texture ZnO:Al for the use in thin-film silicon solar cells.
In this work, four commonly known techniques of laser processes were investigated and thoroughly compared also considering the industrial application of the processes. The techniques compared are (1) laser-induced chemical etching, (2) locally confined ablation by refocusing laser light with a particle lens array, (3) the formation of Laser Induced Periodical Surface Structures (LIPSS) as well as (4) locally confined ablation by laser-interference pattering.
Laser induced chemical etching offers a method to locally adapt the etching environment of the ZnO:Al. This is done by locally confined heating of the ZnO:Al with laser light. The shape of the etch features as well as speed of the etch process strongly depend on temperature [4] , a combination of etching with simultaneous laser illumination may allow a locally adaptable etch texture capable of a more adaptable light management within the cell.
A particle lens array deposited on the surface of a material and irradiated by laser light lead to a local intensity enhancement underneath the sphere [17] [18] [19] . The enhancement of the electromagnetic field can be used to texture the ZnO:Al with small crater-like features.
LIPSS, also known as ripple structures, are surface textures typically on the order of the wavelength of the laser and below. They are mainly observed in multi-pulse processes of ultra-short-pulse lasers close to the ablationthreshold of the treated material. LIPSS have been investigated for decades and various theoretical descriptions exist [20] [21] [22] [23] [24] . Although there have been studies on LIPSS formation on ZnO [25] [26] [27] [28] , they are limited to the use of a scientific Ti:sapphire femtosecond laser with a wavelength of 800 nm.
Laser interference patterning is a technique which uses the intensity pattern of coherent, overlapping laser beams to cover surfaces with periodic patterns [29] . To use interference patterning in the case of ZnO:Al, an ultraviolet (UV) laser in nanosecond regime is very suitable, because here the ZnO:Al ablates nearly proportional to the intensity of the laser light [30] . Consequently, the intensity pattern of the interfering laser beams can be transferred to a topographical pattern on the surface of the ZnO:Al. This article presents a broad, comparative study on the applicability of these laser-based processes for texturing ZnO:Al in the manufacturing of TFS solar cells. The aim of this study is to pre-select industrial relevant processes concerning scalability, simplicity and adaptability of feature geometries.
Methods

Laser-Induced Chemical Etching
The laser-induced chemical etching was investigated in a reaction chamber built of polyether ether ketone (PEEK). The reaction chamber was filled with the acid and built into a laboratory laser system on a movable x, y table allowing simultaneous etching and laser treatment. The substrate was used as a lid to the chamber so only the film side was in contact with the chemical. The laser illumination was carried out from the glass side. To install the chamber into the laser system, do the laser treatment, and remove it, at least 20 min working time were needed. Therefore, in order to avoid a complete removal of the ZnO:Al film, the use of HCl was limited to weak concentrations. To further slowdown the etching process the reaction chamber as well as the acid was cooled to 13 °C. Hence, HCl with a concentration of 1·10 -2 w/w% could be used without destroying the film. A Nd:YVO 4 laser with a wavelength of 1064 nm was used in cw-as well as in pulsed-mode. Due to the rather low absorption at 1064 nm the ZnO:Al was heated almost homogenous in growth direction. In pulsed mode with a pulse length of 10 ns to 20 ns, fluences up to 30 J/cm² could be realized. In continuous wave mode, power densities up to 25 kW/cm² were applied.
Refocusing by Particle Lens Array
For the particle lens array, commercially available (Corpuscular Inc) silica spheres with a diameter of 450nm were used. The spheres were dissolved in water and applied to the ZnO:Al film by drop coating. For the drop coating, volume concentrations ranging from 1·10 -4 m³/m³ to 5·10 -2 m³/m³ were used. In small, partial areas of the sample, a perfect monolayer of touching spheres could be achieved. After drying, the substrate was placed on an x, y table. Three different Nd:YVO 4 lasers with pulse durations of 10 ns to 20 ns were available for the treatments. The wavelengths of the lasers were 1064 nm, 532 nm, and 355 nm, the focal radii 50 µm, 60 µm and 19 µm and fluences measured in front of the particle lens array of up to 30 J/cm², 7 J/cm², and 5 J/cm² respectively. Repetition rates were varied from 10 to 20 kHz. Because almost all particles were removed by the laser irradiation, no cleaning step was needed after the laser treatment.
LIPSS Formation
In order to obtain LIPSS with different spatial periodicities, two picosecond Yb:YAG lasers with wavelengths of 1030 nm and 515 nm and pulse durations of 10 ps were used. The polarization of the laser beam was controlled by quarter and/or half-wave plates to obtain circular polarized as well as linear polarized light of any angle. The beam was deflected by a galvo scanner system and focussed on the film side of the substrate under normal incidence. Telecentric lenses of various focal lengths focused the beam, yielding fluences up to 5 J/cm² and 18 J/cm² for 1030 nm and 515 nm respectively.
Interference Patterning
In Figure 2 a schematic drawing of the two-beam interference setup is depicted. A frequency tripled Nd:YAG Laser with a wavelength of 355 nm and a pulse duration of 7 ns was used. The laser beam was split using a polarizing beam splitter cube and reunited at the substrate at an adjustable angle to the surface. The substrate was mounted vertically on a x, y, z positioning system. The intensities of the partial beams were equalized by a quarter-wave plate in front of the beam-splitter cube and their polarization was aligned by two half-wave plates in each partial beam path. Without focusing, fluences of up to 9 J/cm² could be reached.
Characterization
For the calculation of fluences, spot sizes are needed which were determined by a method proposed by Liu [31] . Pulse energies as well as laser powers were determined with commercially available equipment. Topographical characterization of the textures was conducted with a SIS Nanostation 300 atomic force microscope (AFM), a Zeiss Evo MA10 scanning electron microscope (SEM) and optical microscopes. Optical measurements of scattering properties were carried out with a PerkinElmer Lambda 950 spectrometer with integrating sphere. Scattering properties were measured at the interface ZnO:Al and air. Light scattered in angles larger than ±5° was considered to be scattered diffusely. The haze value was calculated by dividing diffuse transmission by total transmission. The substrate used for all experiments was a 1.1 mm thick 10x10 cm² corning glass with a radio frequency sputtered layer of ZnO:Al on one side [2] . The layer thickness before the laser treatment was approximately 750 nm.
Results
Laser-Induced Chemical Etching
The treatment by laser-induced etching in general revealed comparable textures as etching without laser treatment. The surface texture as well as the etch rate were not significantly influenced by heat induction by the laser.
Pulsed, as well as continuous laser light were used for the experiment. Very slow feed rates of down to 0.1 mm/s were applied in order to obtain the highest possible heat intake in the reaction volume. In case of the pulsed processes, the ablation threshold of the ZnO:Al film was determined to be at 0.8 J/cm² (at feed rate of 0.1 mm/s, repetition rate of 10 kHz and beam spot radius of 50 µm ). Above this fluence, the film was removed completely. Closely underneath the ablation threshold at approximately 0.77 J/cm² no significant differences in the texture could be measured. Also the use of cw-mode did not reveal any significant effect on the treated areas. Powers less than 850 mW did not show any effect, whereas higher powers led to crack formation and complete ablation of the material. For comparison, two textures of a purely etched and an etched and simultaneously laser-treated area of the same sample are depicted in Figures 3a) and b).
Refocusing by Particle Lens Array
By refocusing the laser beam with a particle lens array, crater-like structures could be obtained. Using the UV laser with fluences from 0.19 J/cm² to 0.23 J/cm², a pattering of microscopic areas with single craters was possible. Lower fluences merely removed the spheres from the surface without any pattering, whereas higher fluences led to a melting process and unification of more small craters to unwanted, larger features ("unified craters"). Above 0.68 J/cm², flake formation was observed and the ZnO:Al could be assumed to be damaged. The diameters of the single craters range from 300 nm to 800 nm. On average, the craters are approximately 50 nm deep, whereas there were strong deviations. Depths of up to 200 nm also occured.
An exemplary texture created with 0.22 J/cm² and a spatial overlap of the laser focal diameter of 47 % is depicted in Figure 4 a) to c). The UV Laser was used with a repetition rate of 15 kHz and a power of 38 mW. In this texture all three processes can be observed; single craters ( Fig. 4b and 2 in Fig. 4a ), larger features of melted unified craters ( Fig. 4c and 3 in Fig. 4a) ) and un-textured areas because of removal of the spheres (1 in Fig. 4 a) . Due to The intensities of the partial beams could be adjusted by a half-wave plate (WP1). the high sensitivity to fluences, covering larger areas was challenging. The flanks of the Gaussian beam spot removed the spheres from the surface because the fluence was not high enough to ablate the ZnO:Al, but sufficed to remove the spheres (1 in Fig. 4a) ). This led to an un-textured area around the beam spot which then could not be textured by the next pulse. However, using the same overlap and higher fluences led to larger areas of unified craters in the center of the spots (3 in Fig. 4a) ). Consequently, seamless stitching of Gaussian pulses and covering larger areas with the texture was not possible. Using the infrared laser, no crater-like texture could be obtained. For fluences up to 0.4 J/cm² the ZnO:Al remained untouched, whereas for higer fluences cracks occurred. With the green laser, a similar texture as in Figure 4 a) to c) could be obtained. However, the process window was even smaller compared to processing with the UV laser and higher fluences of 3.5 J/cm² were needed.
LIPSS Formation
Using the infrared laser with linear polarized light, Low Spatial Frequency LIPSS (LSFL) could be created. The process windows ranged from 0.53 J/cm² to 0.61 J/cm² with a spatial pulse overlap of at least 80 %. Using lower fluences did not yield any effect on the ZnO:Al, whereas higher fluences led to flake formation and partial ablation of the ZnO:Al destroying the electrical properties of the film. Within the process window, the texture shows a clearly periodic ripple structure with a periodicity of approximately 900 nm and a groove depth ranging from 200 nm to 300 nm. It was possible to rotate the orientation of the grooves by changing the angle of the linear polarization. However, it was not possible to texture the same area twice with different LIPSS orientations as to obtain a cross hatched texture. Only the geometry of the second treatment remained.
An exemplary texture created with a fluence of 0.53 J/cm² and an overlap of 88 % is depicted in Figures  5a) to c) . Up scaling to larger areas (10x10 cm²) was possible with only little stitching effects (Fig. 5a ).
Using the green laser with circular polarized light, a coral-like texture with small features could be created. The fairly narrow process window ranged from 0.68 J/cm² to 0.75 J/cm² with spatial overlaps from 80 % to 85 %. For higher fluences or overlaps, there was a strong crack formation, whereas for lower fluences or smaller overlaps, there was no LIPSS formation and the ZnO:Al remains untextured. The feature sizes of the textures range from 200 nm to 350 nm. Using linear polarized light, some of the features could be aligned according to the polarization. However, it was not possible to obtain a clearly periodic line-like texture. For reasons of simplicity and due to the correlation with the LSFL process regarding polarization dependency and process parameters, the process is referred to as a HSFL process -albeit the periodicity not being very obvious. An exemplary texture is depicted in Figures 6 a) to c). It was induced with circular polarized light, a fluence of 0.73 J/cm² and a pulse overlap of 83 %. A root-meansquare (rms) roughness of approximately 100 nm was calculated from AFM measurements (Fig. 4c) . Applying the texture to larger areas (10x10 cm²) was possible with almost no stitching effects (Fig. 6a) .
Interference Patterning
Using interference patterning, we were able to produce various, strictly periodic textures in ZnO:Al. With a single shot treatment, areas of approximately 2 mm² could be covered with a line-like texture. The periodicities of the textures could be continuously adjusted from 400 nm to 1500 nm. As the intensity distribution within the laser spot was very inhomogeneous and the power fluctuations of the laser system ranged up to 20 %, the calculated fluences underlay strong variations and have to be treated with caution. However, some general trends could be observed. For lower fluences the ZnO:Al was only ablated at the peak intensities of the interference pattern, while in between a flat, un-treated area remained. With rising fluences, the groove depth rose until the ZnO:Al was ablated even in between the peak intensities, leading to a sine-like texture. In some areas, formation of small cracks could also be observed. For even higher fluences the ZnO:Al film was completely ablated at the peak intensities.
An exemplary line-like texture is shown in Figure 7a ) to c). It was created with an angle of incidence (α in Fig. 2 ) of 6.8° and a pulse energy of approximately 30 mJ. Referring to the textured area, this yields a fluence of approximately 1.5 J/cm². The texture is of clear periodic character, with a periodicity of 1.5 µm and a groove depth of approx. 500 nm (Fig. 7c) . In areas with high fluences, there also was a formation of small cracks (Fig. 7b ).
An example of texture periodicities of 1200 nm, 1000 nm and 800 nm can be observed in Fig. 8a ). The according angle of incidence was 8.5°, 10.2°, 12.8° respectively. In order to obtain two-dimensional textures, two processes creating line-like textures could be superposed with a rotation of the substrate in between the treatments. An exemplary two-dimensional structure with a sample rotation of 45° is shown in Fig. 8b) .
A detailed look at the height profile of the texture depicted in Fig. 7 c) reveals a sine-like texture. Comparing the measured height profile of the surface with the calculated (according to [32] ) intensity profile within the overlapping region of the beams, there is a good match (Fig. 9) . This underlines the fact that the ZnO:Al ablated proportional to the laser intensity and yields an easily predictable and calculable geometric shape of the texture.
Due to the very inhomogeneous beam profile of the laser beam used for the experiment, homogeneous texturing of large areas was not possible. However, the difficulties mainly were an experimental issue and can probably be solved by a better suited beam profile.
Discussion
The process for texturing the ZnO:Al has to meet many requirements. It needs to be capable of producing textures with feature sizes in the sub-micrometer range. Furthermore, the geometries and sizes of these features need to be adjustable so scattering properties can be controlled. In addition to these physical requirements on the outcome of the texturing process, the process itself needs to meet technological requirements for industrial applicability. It needs to be simple and scalable to large areas, in order to be compliant with the cost, material and energy effective manufacturing of TFS solar cells. A simplified summary of the comparison of the four processes investigated in this article with regard to these main demands is depicted in Table 1 .
The laser induced etching with HCl did not reveal a significant altering of the texture when compared with solely etched ZnO:Al. Within the possibilities of the given experimental setup, it was not possible to control the etch process by laser illumination. For high fluences, the ZnO:Al film was damaged, whereas for lower fluences no significant difference in texture could be measured. Albeit requiring a somewhat complex setup, the process isapplicable to large areas in an industrial environment.
Refocusing the laser with a particle lens array was capable of producing crater-like textures. Whereas the diameters of the craters are on the right order of magnitude, the average depth of only 50 nm is too shallow for effective light scattering. Furthermore, seamless stitching of Gaussian pulses to large areas was not possible due to the high Fig. 7 , rotated for 45° and processed again with the same parameters. Fig. 9 Comparison of measured height profile and calculated intensity of two interfering waves. The measurement data is identical to the data presented in Fig. 7c ). The intensity was calculated according to [34] assuming parallel polarization and was scaled vertically to fit the measurement. The good match of measurement and calculation offers an analytical description of possible textures which permits integration with optical simulations.
Table 1
Summarized findings of the comparison of processes. fluence sensitivity of the process. It has to be investigated if a top-hat beam profile could overcome this problem. Finally, the deposition of a homogeneous monolayer of lenses on larger areas by simple deposition methods was challenging. Although it has been demonstrated that perfect monolayers of such spheres can be deposited [17] , [33] , the deposition of such a monolayer by simple and cost effective methods like drop coating could not be achieved. More complex deposition methods like spin coating, however, are not applicable to larger scales in a cost effective production environment. The formation of LIPSS with ultra-short-pulse lasers was the most simple process investigated that is capable of producing usable textures. The experimental setup merely consisted of a device to scan the focused laser over the substrate. The covering of large areas was possible with only little stitching effects and the needed fluences promise a covering of square meters in less than minute's time. The feature sizes of the two textures created are well suited for light trapping (900 nm) and light incoupling (200 nm to 300 nm). The drawbacks of the technology are a fairly small processing window, challenging growth of silicon on the very porous textures and limited flexibility. Whereas the periodicity of the texture could be adjusted by the wavelength of the laser and the angle of incidence [25] , so far it was not possible to choose arbitrary periodicities. Furthermore, the variety of achievable feature shapes was very limited.
Proces s F ea t ur e S iz es
Concerning flexibility and adaptability, the processing by laser interference patterning is peerless. Feature-sizes can be continuously adjusted by the angles and polarizations of the interfering beams. Given the restrains of the texture by the experimental setup, optical modeling software can optimize the texture in order to improve light management for the solar cell. The modeled texture can then easily be realized experimentally by adjusting the interference-setup accordingly. The textures created could be superposed, so two dimensional textures were realized with a fairly simple setup. By expanding the setup to threebeam-interference, even more complex two dimensional textures can be created with one shot [29] . Apart from the slightly more complex experimental setup, the main drawback of the experimental setup used for this study was scalability. Whereas the fluences probably can be lowered to allow speed-effective covering of large areas, the inhomogeneous beam profile prevented a homogeneous patterning of macroscopic areas. However, the difficulties in macroscopic patterning mainly were an experimental issue due to the misshapen beam profile of the laser beam used and not of the technique itself. It has to be determined if other lasers, e.g. with top-hat profile are more suitable.
To provide an outlook on the scattering properties of the various textures, the haze of each of the presented textures is plotted in Fig. 10 . The plotted curves are measurements of exemplary textures only and do no not represent the overall potential of a given process. A high haze does not necessarily correlate with good light management [35] . The results are presented to prove that the chosen textures show scattering properties and have the potential to be used for light management. It will be the task of future studies to optimize the textures for effective light management in thin-film silicon solar cells.
Another ambitious task will be the growth of thin-film silicon layers on these optimized textures. The various layers of thin-film silicon need to have good optical and electrical properties in order to achieve high efficiency solar cells. Likewise, the growth of the layers needs to be welldefined and predictable in order to be able to control the textures of the various interfaces. Depending on the texture, the growth of such layers can be challenging [36] [37] [38] .
Conclusion
Given the requirements of an industrially feasible process that is able to produce adaptable textures with featuresizes in the sub-micrometer range, two capable techniques could be established.
On the one hand, multi-beam-interference patterning of ZnO:Al captivates because of its great flexibility and predictability which permits good integration with optical modeling. One and two dimensional periodic patterns of various sizes and shapes were created. On the other hand, the formation of LIPSS merely required a very simple setup to achieve textures on the right order of magnitude. Covering of large areas was possible without severe stitching effects.
It is now the task of future studies to further refine these two techniques, investigate combinations of processes and adapt the scattering properties of the textures to the exact needs of thin-film silicon solar cells. 
